In this study, the adsorption of amido black (AB) dye onto kaolin was investigated. The characterization of kaolin was carried out by powder x-ray diffraction (XRD), scanning electron microscopy (SEM), transmission electron microscopy (TEM), energy dispersive spectroscopy (EDS) and Fourier transform infrared spectroscopy (FTIR). Adsorption studies showed that the adsorption of AB onto kaolin increased with increasing adsorbent dosage, contact time, pH and temperature but decreased with increasing dye concentration. Equilibrium data fitted perfectly into the Langmuir and Freundlich equilibrium models, moreover, the kinetic data followed the pseudo-second order model. The adsorption process is endothermic and approximately 60.75% AB reduction was achieved when 0.75 g of kaolin was mixed with 20 mL of 40 mg/L AB for 60 min. at 200 rpm. Therefore, this study shows that kaolin can be harnessed for the treatment of textile wastewater.
INTRODUCTION
Dyes are widely used in industries to color products and improve the products' appearance. Wastewater from these industries constitutes a major source of water pollution in the environment 1 . Most of these dyes are toxic, stable and non-biodegradable 2 , and are known to cause mutagenesis, carcinogenesis, chromosomal fractures, and respiratory toxicity 2, 3 . Hence, there has been growing concern about dyes environmental impact and the need to develop suitable and sustainable wastewater treatment methods. Different treatment methods that have been developed over the years include adsorption, coagulation, biodegradation, ion exchange, and the advanced oxidation processes 4, 5 . Among these methods, adsorption process is considered more suitable in terms of simplicity, convenience and ease of operation 6 . Notable adsorbents include activated carbon, oxides, alumina, silica, zeolites, etc. 7 . In recent years, biomass waste, fly ash, clay minerals, and agricultural wastes have also been used as cheap and efficient adsorbents for the remediation of dye wastewaters 7 .
Kaolin is an important clay mineral with numerous practical applications in environmental remediation, construction, pulp and paper, paint, refractories and ceramic, and plastic industries 8, 9 . It is well known for its good adsorption properties 10 . By their different modes of formation, kaolins possess diverse compositional and physical characteristics. The dominant mineral phase is kaolinite, a 1:1 dioctahedral hydrated aluminium silicate (Al 2 Si 2 O 5 (OH) 4 ) clay mineral 11, 12 . The other clay phases including halloysite, illite and smectite may also occur along non-clay phases, such as quartz, anatase, iron-oxides goethite and haematite depending on the origin and depositional environment 8, 13 . The clay mineral mostly occurs as very small (< 20 μm), crystallites with large surface areas, onto which chemical species, such as hydrated iron-oxides, are commonly adsorbed 9 . Vimonses et al., 10 carried out the adsorption studies of congo red onto kaolin, sodium bentonite and zeolite. The equilibrium data of kaolin fitted the Langmuir model and the adsorption kinetic followed the pseudo-second order equation. Fumba et al., considered the efficiency of kaolinite, metakaolinite and activated geopolymer for the removal of methyl orange dye and reported that the adsorbed amount of methyl orange molecules increased with contact time and reached equilibrium in 15 min. for kaolinite and then 10 min. for metakaolinite. The optimum adsorption was observed at pH of 2.5, the equilibrium data fitted the Langmuir isotherm and for the kinetic model, a higher correlation value was observed for the pseudo-second order confirming that chemisorption was the rate-limiting step. Garg et al., 15 investigated the removal of AB dye by zeolite. The optimal zeolite dose, adsorption time, and stirrer speed were reported to be 10 g/L, 6 h, and 300 rpm, respectively. Mouni et al., 16 removed methylene blue dye by Algerian kaolin. The authors reported that the kinetic data fitted the pseudo-second order model. The equilibrium data was explained by the Langmuir isotherm, indicating that the maximum adsorption capacity equals 52.76 mg/g at 25 °C and pH 6, moreso, the thermodynamic data demonstrated that the adsorption is spontaneous and increase with increasing temperature.
Amido black (AB) dye is also known as disodium salt or naphthol blue black (Fig. 1) . It is a synthetic acid dye used in biochemical research to stain for total protein and criminal investigations to detect blood present with latent fingerprints. The IUPAC name is sodium 4-amino-5-hydroxy-3-((E)-(4-nitrophenyl)diazenyl)-6-((E)-phenyldiazenyl) naphthalene-2,7-disulfonate.
Fig. 1. Amido black dye
Although few studies have reported the adsorption of different dyes onto kaolin, detailed literature survey revealed no previous work on the adsorption studies of AB dye onto kaolin. Hence, the objective of this work was to determine the optimum process parameters involved in the kinetics, equilibrium and thermodynamic studies of the adsorption of AB onto kaolin in batch modes under different reaction conditions. Moreover, this study focused on the development of effective and efficient adsorption process using naturally occurring kaolin clay mineral as a cheap and environment friendly substitute to the commonly used activated carbon.
MATERIALS AND METHODS

Chemicals and Reagents
AB dye were purchased from Merck & Co. (Germany) and was used without further treatment. Kaolin of about 2.0 kg was collected from New CBN road, Ado-Ekiti, Nigeria and air-dried at room temperature for 5 days. The kaolin was further placed in an oven set at 60 o C for 3 h before being crushed and was sieved with a mesh (125 μm). The moisture content, ash content, pH and loss of mass on ignition of the kaolin are 4.5±0.004%, 0.937±0.02%, 8.2 and 0.005±0.002%, respectively.
Characterization of kaolin
The mineralogical, functional groups, crystallographic properties and morphology of the kaolin mineral ore were investigated prior to the adsorption studies by using the X-ray diffraction (Siemens D8 Advance Bruker XRD), attenuated total reflection -Fourier transform infrared spectroscopy (Perkin Elmer Spectrum TwoTM spectrometer), scanning electron microscopy (Nova Nano SEM 230), energy dispersive spectroscopy (EDS) and the transmission electron microscopy (Tecnai G2 20).
Adsorption procedure
For the effect of kaolin dosage, a range of kaolin 0.25 g -1.25 g was added to 20 mL of 40 mg/L of AB dye concentration and stirred with a magnetic stirrer at 200 rpm for 10 min. To study the influence of pH, 20 mL of 40 mg/L of AB solutions were adjusted with 0.01 M HCl and NaOH to a pH range [3] [4] [5] [6] [7] [8] [9] [10] [11] , followed by the addition of 0.75 g of kaolin. For all the experiments, aliquot was withdrawn after the contact time has elapsed and the absorbance recorded at 618 nm in a UV-visible spectrophotometer. The percentage AB dye removal was calculated with Equation 1 and the amount of AB dye adsorbed (qe; mg of AB dye per g kaolin) was obtained using Equation 2.
Where Co is the initial concentration of AB dye solution, Ce (mg/L) is the equilibrium concentration of AB dye, V (mL) is the volume of the solution and W (g) is the mass of kaolin.
RESULTS AND DISCUSSION
Characterization
The morphological study of kaolin by SEM (Fig. 2a) and TEM (Fig. 2b) indicated the presence of booklets; the micron-sized morphological structures built up of numerous platelets that are typical for the kaolinite mineral 17 . The EDS (Fig. 2c) as an attachment of the SEM showed that the kaolin constitutes C (24.31±4.38), O (53.44±1.71), Al (7.7±2.54) and Si (14.56±4.38). FTIR studies as presented in Fig. 4 20 .
The influence of pH mostly depends on the ions present in solution as well as on electrostatic interactions with the adsorbent surface. The pH of a solution affects the aqueous chemistry and surface binding sites of the adsorbents. Fig. 6 shows the effect of pH on the adsorption capacity of kaolin. It was found that as the pH increased from 3 to 11, the adsorption capacity of kaolin increased from 0.16 mg/g (15.0%) to 0.35 mg/g (32.75%).
Fig. 4. FTIR of kaolin
Adsorption
The results of the effect of kaolin dosages on 40 mg/L AB dye is as presented in Fig. 5 . The figure showed that for AB concentration of 40 mg/L and for a contact time of 10 min., an increase of the mass of kaolin from 0.25 g to 0.75 g increases the percentage of AB dye removed in solution from 19.0% to 28.80%, after which equilibration was attained. The increase in the percentage of AB dye removed from solution might be as a result of the increase in the number of active sites of the kaolin as the dosage increases. The trend of the graph is similar to the result by Amrhar et al., 21 who investigated the removal of methylene blue from aqueous solution by Moroccan illitic clay. A 0.75 g kaolin sample was kept constant for further studies. The initial concentration gives details on whether the adsorption of contaminants on the adsorbent surface occurs through the formation of monolayer or multi-layers. Monolayer adsorption could be explained by the Langmuir isotherm, whereas, multilayer adsorption is given by Freundlich isotherm. A plot of the percentage AB dye removed from solution versus the initial AB concentration is as shown in Fig. 7 . Although the qe increased from 0.17 mg/g -0.59 mg/g as the initial AB concentration increases from 20-100 mg/L (Fig. 7b) , the percentage of AB removed decreased from 32.1% to 22.1% (Fig. 7a) . There was a decrease in the percentage of AB dye removal since the adsorption was carried out against fixed number of active sites, these active sites became saturated at higher AB concentration. The equilibrium adsorption plots have high regression coefficient value of 0.9919 for Langmuir and 0.9947 for Freundlich, this shows that AB dye adsorption onto kaolin suit both the Langmuir and Freundich equilibrium models. The equilibrium constants obtained were presented in Table 1 . The Freundlich constant n within the range 1-10 indicates good adsorption.
The results obtained on the effect of contact time is used to determine the efficiency of the adsorption process, equilibrium time and the kinetics. AB adsorption was found to increase rapidly from 5-40 min., however, equilibrium was attained afterwards from 40 and 60 min., (Fig. 9) . The percentage AB removal increased from 20.98 to 60.75%, corresponding to 0.21 to 0.61 mg/g, respectively. The increase might be attributed to a higher surface area of kaolin being made accessible with time for the adsorption of AB dye molecules. Equations 5 and 6 presents the pseudofirst and pseudo-second order kinetic models, respectively.
(5) (6) Where q e and q t are the equilibrium amount of AB adsorbed per unit mass of kaolin (mg/g), and the amount of AB adsorbed per unit mass of kaolin at time t (mg/g), respectively. k 1 is the pseudo-first order adsorption rate constant, k 2 is the pseudo-second order rate constant, and t is time minutes.
The modelled pseudo-first and pseudosecond order kinetics of the adsorption of AB dye onto kaolin are presented in the Fig. 10a and  10b , respectively. The kinetic plots showed that the adsorption followed the pseudo-second order equation having a higher regression coefficient value of 0.9847. Table 1 also presents the calculated kinetic parameters and regression coefficient values. Figure 11 indicated that the adsorption capacity of kaolin onto AB increased with increasing temperature, increasing from 22.93% at 293 K to 30.75% at 308 K. This implies that the mobility of AB molecules increased with temperature. In addition, the increase of the temperature of the solution might reduce the viscosity of the dye, thereby increasing the rate of diffusion of AB molecules across the external boundary layer and in the internal pores of the kaolin particles 24 . The amount of AB dye adsorbed was constant afterwards (308-318 K). The standard enthalpy (ΔHo), entropy (ΔSo) and free energy (ΔGo) changes were obtained from thermodynamic equations presented in Equations 7-9. W here C o -C e is the amount of the AB dye adsorbed per litre, Ce is the equilibrium concentration of solution (mg/L), T is temperature in Kelvin, R is the ideal gas constant (8.314 J /mol/K) and K is the thermodynamic equilibrium constant. A plot of log K against 1/T gave deltaHo and deltaSo from the slope and intercept of Equation 9 , respectively The Van't Hoff plot is as shown in Fig. 11b . The obtained ΔHo, ΔSo and ΔGo for the adsorption of AB onto kaolin are presented in Table 2 . The value ΔHo is positive (11.949 kJ/mol), which implies that the adsorption process is endothermic. ΔGo is also positive, an indication that the adsorption process is non-spontaneous. This is supported by Amin et al., 25 , the authors reported that the adsorption of malachite green dye by Acacia nilotica waste is endothermic and nonspontaneous at all temperatures. 
CONCLUSION
The application of kaolin as a cheap and natural adsorbent for the remediation of AB dye was investigated. Experimental results indicated that the adsorption of AB onto kaolin increased with increasing kaolin dosage, contact time, pH and temperature, nevertheless, adsorption decreased with increase in initial AB concentrations. The equilibrium data obeyed the Langmuir and Freundlich adsorption models, the kinetic data followed the pseudo-second order equation, whereas, the thermodynamic parameters indicated that the adsorption process is endothermic and non-spontaneous at the concentration of AB dye and temperatures considered. The mineral phases of the kaolin used in this study are quartz, kaolinite, illite and sillimanite, therefore, the effectiveness of kaolin for the removal of AB dye might be ascribed to the surface properties and mineralogical composition of kaolin.
